the night. For night-active animals, like the rodents in Meijer et al. ' s study 7 , the sign of the signal is reversed-as arousal peaks during the night. The neural circuitry mediating this signal is beginning to be understood. For example, a recent study 8 identified an indirect projection from the SCN to a major brain arousal system in the locus coeruleus (LC) and demonstrated that this circuit rhythmically drives electrical activity in the LC (Fig.  1) . Other arousal systems in the serotonergic raphe nuclei, the histominergic tuberomammillary nucleus, the hypocretin/orexin hypothalamic neurons, cholinergic pedunculopontine nuclei and laterodorsal tegmental area likely also receive information from the SCN [9] [10] [11] [12] . But as the case is being built for circadian regulation of sleep/wake centers, the anatomical, physiological or functional evidence for communication from the sleep/wake centers back to the circadian system has been hard to find. One hint that such a connection occurs comes from a study finding that sleep deprivation can alter the phase of the circadian clock 13 . Nevertheless, until now the basic question of whether the sleep/wake centers communicate directly with the SCN has gone unanswered.
Meijer and colleagues 7 Figure 1 Possible connections between the circadian pacemaker and the sleep/wake control systems. The circadian timing signal generated in the suprachiasmatic nucleus (SCN, green) is transmitted through nuclei in the anterior hypothalamus to sleep/wake control systems in the diencephalon (blue) and then to structures in the brainstem controlling REM-NREM cycling (yellow). A direct pathway from the dorsal medial hypothalamus (DMH) to the locus coeruleus (LC) has also been documented; both the circadian pacemaker and the sleep homeostat can influence sleep structure through these pathways. REM (red)-NREM (blue) cycling is controlled by reciprocal interactions of LC and raphe nuclei (RN) with pedunculopontine tegmental nucleus (PPT), laterodorsal tegmental nucleus (LTD) and the brainstem reticular formation (BRF). REM and NREM stages depicted on the left side correlate with acute changes in SCN neural activity 7 . Stage-selected sleep deprivation prohibited this modulation in firing rate 7 , suggesting a functional feedback pathway from the brainstem to the SCN; other pathways may be involved as well. PVN, paraventricular nucleus; BFB, basal forebrain; MPA, medial preoptic area; TMN, tuberomammillary nucleus; VLPO, ventrolateral preoptic area; LH, lateral hypothalamus.
Some synapses are sedentary. Left undisturbed, they seem to nod off. Single presynaptic action potentials release vesicles with low probability, having little postsy-
N E W S A N D V I E W S
activity in the SCN and monitoring the sleep stages from rats in vivo. Although conceptually straightforward, this dual long-term recording in freely moving animals is technically quite difficult, in large part because the SCN is near the bottom surface of the brain. Specifically, the authors asked whether the central circadian pacemaker that regulates the sleep/wake switch also gets feedback about the specific sleep state. Recall that sleep can be recognized as REM (rapid eye movement) or non-REMsleep (NREM). Within the NREM-stages, deep sleep episodes are marked by low-frequency brain waves and defined as slow-wave sleep (SWS). The amount of SWS increases after sleep deprivation and decreases as a result of sleep. For these reasons and others 2, 3 , SWS is considered a marker for the restorative and homeostatically regulated sleep processes.
Strikingly, Meijer et al. found a clear correlation between sleep states and the neuronal activity in the SCN. The frequency of electrical activity in the SCN undergoes a daily rhythm, with higher activity found during the day in both day-and night-active animals (Fig. 1) . On top of this circadian modulation of firing rate, the SCN neurons fired at lower rates during NREM sleep, and higher rates during REM sleep.A closer look at the NREM stages revealed a significant negative correlation between the SWS and the SCN activity, but no correlation with NREM sleep containing higher-frequency waves. The transitions between vigilance states were tightly paralleled by changes in SCN firing rate.
Meijer and her colleagues then put this correlation to the test by examining the effect of sleep deprivation on SCN activity. SWS or REM sleep was prevented over a two-hour period by briefly disturbing the animals as they entered these sleep stages. Neuronal activity in the SCN was significantly higher during the SWS deprivation compared to undisturbed SWS episodes. In contrast, REM deprivation led to a decrease in the mean SCN firing rate compared to controls during REM sleep. These findings are consistent with the suggestion that SWS inhibits the firing rate of neurons in the SCN, whereas REM sleep increases the firing rate. The results provide strong evidence that information about these sleep states is transmitted to the SCN.
Although the current work of Meijer and colleagues provides no direct evidence for the underlying anatomical pathways and functional significance of this feedback loop, it certainly raises some interesting possibilities. A recent study demonstrated that the firing rate of individual SCN neurons is highly correlated with the degree of expression of one of the circadian clock genes, Period 14 . By altering the firing rates of SCN neurons, information about sleep states can influence the molecular feedback loops that lie at the heart of the circadian timing system. This communication between the sleep homeostat and the circadian oscillator might allow the circadian system to track the amount of SWS and REM sleep during the previous daily sleep/wake cycle. Perhaps the circadian system responds to a night of insufficient sleep by making it easier to go to bed early the following day?
Unraveling the neurobiological mechanisms underlying sleep has broad implications for industrial and post-industrial societies. By some estimates, 50% of the adult population suffers from difficulties sleeping at night and staying awake during the day (2003 Sleep in America poll, National Sleep Foundation: http://www.sleepfoundation.org/NSAW/ 2003presskit/pk_pollhighlights.html). In older people and in patients with psychiatric and neurological disorders, this percentage is far higher. Although it would be premature to claim that the present study will have an immediate clinical impact, sleep disorders can arise from dysfunction in the circadian system, the sleep homeostat, or in communications between the two. With the work of Meijer and colleagues, we are a step closer to understanding the neurobiological basis of the coupling between the sleep homeostat and the circadian system. Understanding the basic neurobiology of sleep provides the opportunity to develop treatments that target the pathophysiology of sleep disorders rather than just the symptoms. There is a huge need for such improvements in treatments; sleep dysfunction has been estimated to cost the US economy alone around $18 billion annually due to lost productivity. Given the scale of this problem, the question is not if we can afford to sleep in this 24/7 society, but rather if we can afford not to sleep. The least we can do is to promote the research that will enable us to get a good night's sleep.
